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A novel procedure was developed for the synthesis of a periodic mesoporous organosilica (PMO),
which was used to remove polycyclic aromatic hydrocarbons (PAHs) from aqueous solutions. Adsorp-
tion equilibrium isotherms and adsorption kinetics experiments were carried out in solutions of PAHs
(2–60 mg L1), using the PMO as adsorbent. Adsorption models were used to predict the mechanisms
involved. The adsorption kinetics data best ﬁtted the pseudo-ﬁrst-order kinetic model for naphthalene,
and to the pseudo-second-order model for ﬂuorene, ﬂuoranthene, pyrene, and acenaphtene. The
intraparticle model was also tested and pointed to the occurrence of such processes in all cases.
The isotherm models which best represented the data obtained were the Freundlich model for ﬂuo-
ranthene, pyrene, and ﬂuorene, the Temkin model for naphthalene, and the Redlich–Peterson model
for acenaphtene. PAHs showed similar behavior regarding kinetics after 24 h of contact between adsor-
bent and PAHs. FTIR, XRD, BET, and SEM techniques were used for the characterization of the adsor-
bent material.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of com-
pounds that have more than two aromatic rings in their molecules.
These substances, as well as their oxy- and nitro-derivatives, occur
as complex mixtures in all environmental compartments [1–3].
Some examples of the many PAH sources are the combustion of
organic compounds (e.g., fuels such as gasoline and diesel), photo-
copiers, incinerators, cigarette smoke, the burning of coal, and
many industrial processes, e.g., the petroleum industry [4].
The pollution of seawater by petroleum is a consequence of our
civilization’s ever growing need for energy, and is related to the
relevance of petroleum in the energetic matrix. In most cases,
petroleum-related pollution is a chronic problem, due to port
activities and to the outﬂow of urban and industrial wastewater
contaminated with petroleum and its derivatives [5–7].
PAHs have partition coefﬁcients (Kow) greater than 1000. This
number expresses their hydrophobic behavior and will be greater
when increasing the number of aromatic rings in the molecule.
On the other hand, as expected, the volatility of these compounds
is lowered when the molecular weight is increased, so low-evier OA license. molecular-weight PAHs have greater volatility and higher vapor
pressure [8,9]. The same tendency is observed for the Henry con-
stant, which is lowered when the molecular weight is increased.
Once water is contaminated by these compounds, the use of
methodologies to minimize environmental damages is required.
Many approaches (traditional and advanced technologies) have
been used to treat and remediate contaminated areas and to re-
duce the costs of the usual technologies which, in general, utilize
biological treatments, membrane ﬁltration, and adsorption pro-
cesses for the removal of organic compounds [4,10,11].
Adsorption processes have been widely applied for the removal
of contaminants from water and wastewaters. In order to better
understand these processes and to make themmore efﬁcient, equi-
librium adsorption data are used in kinetics and mass transfer
models which have been proposed and used to predict the behav-
ior of adsorption systems as well as the mechanisms involved [12].
Periodic mesoporous organosilicas (PMO) are considered highly
promising materials for many technical applications, e.g., in the
ﬁelds of catalysis, adsorption, chromatography, and nanoelectron-
ics [13].
In the preparation of these materials, polymers or surfactants
are used as structure-directing agents (SDA), which are removed
from the reaction medium after the synthesis is complete, originat-
ing the pores. As a result, PMOs have great surface area, and their
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making possible their use as adsorbents [13].
In this work, a PMO solid matrix was synthesized and tested as
adsorbent for removal of high-toxicity PAHs in aqueous solutions.
The adsorption efﬁciency of the selected PAHs and the use of iso-
therms and kinetics adsorption models for the prediction of the
mechanisms involved were investigated.2. Materials and methods
2.1. Chemicals and reagents
In the adsorption experiments, analytical-grade acenaphtene
(Ace), ﬂuoranthene (Fluor), ﬂuorene (Fluo), naphthalene (Nap),
pyrene (Pyr) (AccuStandard, USA), HPLC-grade acetone, and dis-
tilled water Milli-Q were used.
The environmental and biological behaviors of the 5 PAHs stud-
ied are best described by some of their physicochemical properties,
presented in Table 1. It can be seen that these substances have low
solubility in water, and it tends to be even lower when the number
of aromatic rings is increased. Thus, the PAH stock solution was
prepared in acetone, with each analyte in the concentration of
200 mg L1.
The solutions used in the isotherms and kinetics experiments
and in the construction of analytical curves were prepared imme-
diately prior to use, by diluting the stock solution and adjusting the
acetone concentration to 30% v/v.
Two silica sources were used in the synthesis of the adsorbent
material: 1,4-bis(triethoxysilyl)benzene (BTEB) (Aldrich) and 1-
phenil triethoxysilane (FTE) (Aldrich). Structural formulas of the
sources of silica are shown in Fig. 1a and b.
In the synthesis of PMO, surfactant Pluronic P123 (Aldrich),
potassium chloride (Synth, Brazil), ethanol (Synth, Brazil), and
deionized water were also used.Table 1
PAH’s physicochemical properties.
PAHs Molecular
weight
(g mol1)
Vapor
pressurea
(Pa)
Solubilitya
(g m3)
Log Kow Henry constant
(atmM1 105)
Nap 128 10.4 31 3.37 43.01
Ace 154 0.3 3.8 3.92 12.17
Fluo 166 0.09 1.9 4.18 3.87
Fluor 202 0.00123 0.26 5.22 1.037
Pyr 202 0.0006 0.132 5.18 0.92
a Temperature 25 C.
Fig. 1. Structural formulas of the sources of silica (without CH2CH3 groups) BTEB (a), FT2.2. Synthesis of PMO
The amounts of surfactant P123, potassium chloride, and HCl
0.167 M were weighted in a polypropylene ﬂask. The molar ratio
in the reaction mixture was 0.7 FTE:28.88 BTEB:1.0 P123:226.75
KCl:38 HCl:12583 H2O. After that, the system was kept in a ther-
mostatic bath at 40 C for 4 h and allowed to rest overnight. Under
argon atmosphere, BTEB and FTE were added, and the mixture was
mechanically stirred for 1 h in a 45 C bath.
In the next step the reaction mixture was heated and kept at
100 C for 24 h, in a Teﬂon autoclave. The removal of the surfactant
was carried out by means of solvent extraction at 70 C for 8 h with
a 2% HCl solution in 95% ethanol medium, followed by a rinse with
ethanol and deionized water. A schematic of the ideal primary
structure of PMO is shown in Fig. 1c.
2.3. Adsorption studies
Glass Erlenmeyers (25 mL) sealed with PVC ﬁlm and an orbital
shaker device set to operate at 200 rpm and 28 ± 1 C were used in
the experiments. The utilization of acetone as cosolvent was efﬁ-
cient for the solubilization of the PAHs in aqueous medium, in
the concentration range used in this work [14]. There was no con-
siderable adsorption of analytes on the walls of the ﬂasks, which
was veriﬁed by comparing the PAH concentrations in reaction mix-
tures with and without the adsorbent.
For the adsorption kinetics experiments, 100 mg of the adsor-
bent and 20 mL of solution (30% v/v acetone) containing the ﬁve
PAHs (10 mg L1 each) were added in each ﬂask. Then 200-lL ali-
quots of the supernatant were collected in regular periods of time
and immediately analyzed by gas chromatography–mass spec-
trometry (GC–MS), up to a 48-h total time.
In the adsorption isotherms experiments 100 mg of the adsor-
bent material and 20 mL of the PAH solution were also used, but
this time the solution was added to the Erlenmeyers under differ-
ent dilutions, corresponding to PAH concentrations in the range of
2–60 mg L1. After agitation for 24 h the adsorbent was removed
by paper ﬁltration and the respective solutions were analyzed by
GC–MS.
The adsorption capacity, expressed as the amount of PAH
adsorbed per gram of adsorbent (mg g1), was calculated as
qe ¼
VðCo  CeÞ
m
; ð1Þ
where qe, C0, and Ce, are the amount of PAH adsorbed (mg g1) at
equilibrium, the initial concentration of the PAH, and its equilib-
rium concentration (mg L1) in the solution, respectively. V is the
volume (L) of the solution in the ﬂask and m (g) is the dosage of
adsorbent.E (b), and idealized schematic of primary structure of mesoporous organosílicas (c).
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The characterization of the PMO was achieved by Fourier trans-
form infrared spectroscopy (FTIR), in a Prestige FTIR spectropho-
tometer (Shimadzu, Japan), X-ray diffraction (XRD), in a ZMS
Mini II instrument (Rigaku, Japan), thermogravimetry (TG), using
a TGA-50H thermogravimetric analyzer (Shimadzu, Japan), under
argon atmosphere in a platinum cell, scanning electron microscopy
(SEM) analysis, and Vega XMU/Tescan (Bruker,Czech Republic)
operating with bunches of primary electrons ranging from 12 to
20 keV, covered with a gold layer.
The pore diameter was determined by the Barret–Joyner–
Halenda (BJH) method with an ASAP 2020 device (Micromeritics,
USA).
The quantiﬁcation of PAHs was done by GC–MS, with a QP2010
PLUS system (Shimadzu, Japan). Carrier gas helium (ﬂow rate
1 mL min1) was used under 53.5 kPa. The sample injection vol-
ume was 1 lL, in split mode (1:10). A DB-5 column was used
(30 m length, 0.25 mm i.d., 0.25 lm ﬁlm thickness).
The oven temperature was programmed from 50 C (holding
time 1 min) to 120 C at 30 C min1 to 250 C at 5 C min1, and
ﬁnally to 280 C at 20 C min1, holding the ﬁnal temperature for
5 min.
3. Results and discussion
3.1. Characterization of the adsorbent
Fig. 2b shows the XRD patterns of the synthesized sample. The
peak at 2h near 0.9 was observed, which is related to (d100) hexag-Fig. 2. Infrared spectrum of PMO (a), X-ray diffraction pattern of Ponal structures. Research has shown that small peaks, with low an-
gles of diffraction between 0.9 and 2.1, indicate the formation of
a hexagonal structure [15–18].
The position of the diffraction angle of the (1 0 0) plane can be
used to determine the unit parameter, a0, of the hexagonally or-
dered PMO, which is deﬁned by the sum of the values of pore
diameter and wall thickness [19].
Eq. (2) was used to calculate the unit parameter, which was
found to be 15.01 nm.
a0 ¼ 2d100ﬃﬃﬃ
3
p : ð2Þ
FTIR spectroscopy was used to detect any changes in the
absorption bands, as well as the appearance of new ones, possibly
caused by inﬂuence of the surfactant (Fig. 2a).
A broad band, observed between 3100 and 3750 cm1, is as-
signed to OH-stretching vibration modes in external and internal
silanol groups, in its isolated, vicinal or geminal forms.
The existence of silanol groups in the PMO indicates that com-
plete condensation did not reach all silicon atoms during the
synthesis.
The OH groups from silanols may react with adsorption sites,
resulting in hydrophobic behavior of the synthesized material.
This information is very important when considering the use of
this material as adsorbent of nonpolar organic compounds, like
PAHs.
Nitrogen adsorption and desorption isotherms show a type IV
BET isotherm, as seen in Fig. 2c, indicating that this material has
uniform mesopores with pore diameter of 74.89 Å calculated by
BJH method and BET surface area of 484.03 m2 g1.MO (b), and N2 adsorption–desorption isotherm onto PMO (c).
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tion of 5000 (a) and 2000 (b). One can observe the existence
of two distinct phases (spherical and irregular). The diameter of
the amorphous spherical silica particles [20] was about 3.8 lm.
This mixture of particle shapes can be an interesting feature
regarding the interest at obtaining a porous system with good
capacity to adsorb molecules.
The removal of triblock copolymer template P123 from the PMO
studied was monitored by high-resolution thermogravimetry (TG).
Fig. 4 displays the TG proﬁle and the corresponding differential TG
(DTG) pattern of the as-synthesized organosilica (PMOP123) and
after the surfactant extraction (PMO). As can be seen, the weight
shows a tendency to decrease as temperature is increased. How-
ever, when the surfactant is not removed (PMOP123), the PMO
shows considerably higher instability.
Until 600 C, 65% of its mass is partially lost due to the extract-
able surfactant, which accelerated the degradation. In the same
temperature range, the mass is decreased no more than 25% in
the sample from which the surfactant was previously removed.
The DTG proﬁle indicates that the burning of the surfactant oc-
curs in the temperature range from 160 to 300 C, with an endo-
thermic peak at 180 C. The mass decrease is also observed in the
range from 35 to 100 C, and is attributed to thermodesorption of
ethanol and water [21,22].Fig. 3. Scanning electron photomicrograph of PMO a
Fig. 4. TG (a) and DTG (b) proﬁles for as-synthesized organosilica3.2. Adsorption studies
3.2.1. Adsorption kinetic
Adsorption kinetics is expressed as the solute removal rate that
controls the residence time of the sorbate in the solid–solution
interface. In practice, kinetics studies are carried out in batch reac-
tions using various initial sorbate concentrations, sorbent doses,
temperatures, and sorbate types.
The mechanism of adsorption and the potential rate-controlling
steps involved mass transport and chemical reaction processes
[23,24]. Kinetic models have been investigated to test the experi-
mental data.
The adsorption kinetics study was carried out to determine
the time required for the adsorption equilibrium to be reached,
conditions under which there is no variation in adsorption
capacity.
To describe the adsorption kinetics and rate-limiting step, tradi-
tional adsorption kinetics models were used, namely pseudo-ﬁrst
and pseudo-second-order rate models [25] and the Weber and
Morris sorption kinetic model [26]; linear regression was used to
determine the best-ﬁtting kinetic rate equation.
In this work, the sum of the squares of the errors (ERRSQ) was
examined for every experimental data set and the parameters of
the kinetic models were determined for the lowest error valuest an ampliﬁcation of 5000 (a) and 2000 (b).
, PMOP123 (A) and after the surfactant extraction, PMO (B).
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using the solver add-in for Microsoft Excel.
Moreover, the lowest values of the error function ERRSQ and the
determination coefﬁcients R2 were taken into account and used for
the statistical evaluation of how well the experimental data ﬁtted
to each kinetic model.
Error function ERRSQ is represented by the following equation:
Xp
i¼1
ðqe;calc  qe;measÞ2i : ð3ÞFig. 5. Equilibrium time and efﬁciency of adsorption. Conditions: 100 mg of the adsorben
Fig. 6. Study of the adsorption kinetics: pseudo-ﬁrst-order (a), pseudo-second-order (b
solution (30% v/v acetone) containing the ﬁve PAHs (10–60 mg L1 each).The kinetic curves obtained can be seen in Fig. 5. Adsorption of
all PAHs appeared to have similar behavior regarding kinetics. One
can note that, after 24 h of contact between the adsorbent PMO
and the PAHs, the adsorption process tends to reach the equilib-
rium state. After the ﬁrst 24-h period, the removal efﬁciency still
increased mostly for ﬂuranthene and acenaphtene, but even in
these cases the increase observed was no more than 10% from that
time on. The removal efﬁciency reached was nearly 70% for naph-
thalene, acenaphtene, and pyrene, 50% for ﬂuorine, and 40% for
ﬂuoranthene.t and 20 mL of solution (30% v/v acetone) containing the ﬁve PAHs (10 mg L1 each).
), and intraparticle model (c). Conditions: 100 mg of the adsorbent and 20 mL of
Table 2
Parameters of kinetic models of adsorption pseudo-ﬁrst-order, pseudo-second-order, and Weber and Morris model.
PAHs Co (mg L1) Qe (mg g1) Pseudo-ﬁrst-order Pseudo-second-order Webber and Morris
Qc (mg g1) K1 (min1) R2 ERRSQ Qc (mg g1) K2 (g mg1 min1) R2 ERRSQ Kf R2 ERRSQ
Nap 10 1.48 1.69 0.02 0.921 8.02 1.54 0.02 0.941 32.02 0.85 0.963 0.42
Ace 10 0.91 0.96 0.11 0.989 1.91 1.01 0.18 0.930 0.01 0.14 0.942 0.04
Fluo 10 0.88 0.7 0.09 0.988 1.69 0.91 0.39 0.990 0.74 0.163 0.981 0.15
Fluor 10 0.69 1.1 0.13 0.922 1.11 0.72 0.29 0.948 0.52 0.106 0.958 0.02
Pyr 10 1.32 0.1 0.12 0.993 2.44 1.36 0.42 0.997 0.03 0.184 0.860 0.34
Table 3
Langmuir parameters for adsorption of PAHs on various kinds of adsorbents.
Adsorbent T (C) Langmuir parameters Reference
KL (m3 kg1) qmáx (g kg1)
Al-MCM-41 25 Nap 0.214 106.24 [34]
Zeolite – 0.005 769.231 [35]
PMO 28 ± 1 6.273 46.641 This work
Al-MCM-41 28 ± 1 Pyr 1.184 371.68 [34]
PMO 28 ± 1 0.228 2601.504 This work
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ond-order (Eq. (4)), and Weber and Morris (Eq. (5)) were tested
to determine the kinetic rate in the adsorption process of each
PAH onto the PMO, as well as the mechanisms involved (Fig. 6).
The angular and linear coefﬁcients of the linear equations ob-
tained by linear regression were used for the calculation of the
constants k1, k2, and kf, shown in Table 2.
logðqe  qtÞ ¼ log qe 
k1
2
;303
 
t; ð4Þ
t
qt
¼ 1
k2  q2e
þ 1
qe
t; ð5Þ
qt ¼ kf  t0:5; ð6Þ
where qe and qt are the amounts of PAHs adsorbed (mg g1) at equi-
librium and at time t (min), respectively, k1 (min1) is rate constant
of ﬁrst-order adsorption, k2 (g mg1 min1) is the rate constant for
pseudo-second-order model, and kf (mg g1 min0.5) is the Weber
and Morris constant.
The results showed that the values of experimental adsorption
capacity (qe) were in accordance with those for calculated adsorp-
tion capacity (qc) in pseudo-ﬁrst and pseudo-second-order models.
When the highest R2 and the lowest error function values are
considered simultaneously as indicative of the best ﬁttings (Table
2), it was found that the pseudo-ﬁrst-order model best represented
the kinetic data for naphthalene.
In this work, the pseudo-second-order model best represented
ﬂuoranthene, pyrene, ﬂuorine, and acenaphthene. According to
some authors, the pseudo-second-order model may be related to
the occurrence of chemical sorption, which may control the reac-
tion rate [27,28].
According to the Weber and Morris model, given in Eq. (5) to
elucidate the diffusion mechanism, if a linear curve is obtained
and it passes through the origin, the predominant mechanism for
the adsorption is diffusion [23]. In this work, the behavior of the
qt versus t0.5 graph is initially linear, indicating that the diffusion
process occurs. However, it was not the only rate-controlling step.
3.2.2. Adsorption isotherm
Study of adsorption equilibrium isotherms is an important step
in investigating adsorption processes since it makes it possible to
identify the relationship between the amounts of analyte adsorbed
and in solution, after equilibrium is reached [29].
Although linear regression has been widely used to estimate the
isotherm parameters, the way the linearization of nonlinear iso-
therm expressions is done may lead to different changes in error
distributions [30] and violation of the normality suppositions of
the least-square method, which makes linearization an inappropri-
ate approach [31].
In the present study nonlinear methods were used to estimate
the isotherm parameters of Langmuir, Freundlich [29], Temkin
[32], and Redlich–Peterson [33] models for a better understanding
of the interactions between adsorbent materials and organic
adsorbates.Nonlinear optimization techniques have been applied to deter-
mine isotherm parameters [9,12]. The sum of the error squares
(ERRSQ) function, previously used in the treatment of the adsorp-
tion kinetics data, was also applied to the data obtained in the iso-
therm adsorption studies, allowing optimization and better
evaluation of the ﬁtting of the data to the models tested and the
determination of the respective parameters of each model.
3.2.2.1. Langmuir adsorption isotherm. The Langmuir isotherm is
based on the assumption that adsorption takes place at speciﬁc
homogeneous sites within the adsorbent and there is no signiﬁcant
interaction among adsorbed species [29]. The adsorbent is satu-
rated after one layer of adsorbed molecules is formed on the adsor-
bent surface [32]. The Langmuir isotherm is represented by
qe ¼
KL  qmax  Ce
ð1þ KL  CeÞ ; ð7Þ
where Ce is the solute concentration at equilibrium (mg L1), qe is
the amount of PAHs adsorbed at equilibrium (mg g1), qmax is the
monolayer capacity of the adsorbent (mg g1), and KL is the Lang-
muir adsorption constant related to the energy of adsorption
(L mg1).
In this work, the Langmuir isotherm best ﬁts the experimental
data for lower values of Ce, indicating that initially the adsorption
process occurs as a monolayer phenomenon. However, this mech-
anism does not persist under higher concentration ranges, and in
these cases the adsorption seems to be a multilayer process.
PAHs adsorption from wastewaters has been investigated else-
where by using Al-MCM-41 [34] and zeolite [35] as adsorbents,
and the results are compared to those obtained in this work. Inten-
sity of adsorption and Langmuir adsorption constant KL, calculated
for each adsorption system, are given in Table 3.
3.2.2.2. Freundlich adsorption isotherm. The Freundlich isotherm
model takes multilayer and heterogeneous adsorption into account
[32]. The Freundlich isotherm model is given by
qe ¼ KF  C
1
n
e; ð8Þ
where KF (L mg1) and n are Freundlich adsorption isotherm con-
stants, indicative of the saturation capacity and intensity of adsorp-
tion. It is well known that ‘‘1/n’’ values between 0.1 and 1 indicate a
favorable adsorption [32]. In this work, the value obtained from 1/n
was not close to unity, except for acenaphthene and naphthalene, as
Table 4
Parameters of isotherms models.
PAHs Langmuir Freundlich Temkin Redlich–Peterson
qmáx KL R
2 ERRSQ Kf 1/n R2 ERRSQ B Kt R2 ERRSQ KRP a b R2 ERRSQ
Nap 46.64 6.3  103 0.827 3.59 0.28 0.97 0.893 3.75 3.22 0.30 1000 0.88 0.29 6.3  103 1,14 0.932 3.59
Ace 160.98 2.2  103 0.962 1.88 0.32 1.02 0.969 1.85 2.75 0.49 0.902 4.78 0.79 1.29 0,00 0.967 1.62
Fluo 234.39 2.2  103 0.873 7.57 0.13 1.54 0.906 0.59 5.05 0.31 0.951 2.93 0.48 0 1,00 0.881 0.88
Fluor 375.97 1.6  103 0.566 27.03 0.0 5.9 0.920 5.25 8.47 0.23 0.784 13.46 1.06 0.78 0,00 0.571 26.71
Pyr 251.60 2.3  103 0.843 10.94 0.12 1.68 0.981 1.69 4.67 0.39 0.877 7.92 0.58 0 1,00 0.870 8.381
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bent and PAHs.
PAHs adsorption from wastewaters has been investigated by
using different substances: chitosan, chitin, sugar bagasse, coconut
shells, and immature coal–leonardite [14,36]. The intensity of
adsorption and the Freundlich adsorption constant KF calculated
for each adsorption system are given in Table 5.
3.2.2.3. Redlich–Peterson isotherm. Redlich–Peterson is an empirical
equation, with three parameters, which is capable of representing
adsorption equilibrium over a wide concentration range [33]. This
equation has the form
qe ¼ KRP  Ce=ð1þ CeaRPÞ ð9ÞTable 5
Freundlich parameters for adsorption of PAHs obtained by various kinds of
adsorbents.
Adsorbent Solute Freundlich parameters Reference
KF 1/n
Sugar cane bagasse Nap 13 0.98 [14]
Green coconut shells 23 1.34 [14]
Chitin 138 0.05 [14]
Chitosan 2 1.39 [14]
Zeolite 4.215 1.074 [35]
PMO 0.277 0.974 This work
Sugar cane bagasse Ace 14 1.23 [14]
Green coconut shells 18 2.39 [14]
Chitin 3 1.99 [14]
Chitosan 1 2.71 [14]
PMO 0.324 1.025 This work
Sugar cane bagasse Pyr 170 0.15 [14]
Green coconut shells 140 0.99 [14]
Chitin 120 0.14 [14]
Chitosan 50 0.21 [14]
Immature coal (leonardite) 10 0.62 [36]
PMO 0.119 1.682 This work
Fig. 7. Adsorption isotherms of naphthalene. Conditions: 100 mg of the adsorbent andwhere KRP (L mg1), aRP (L mg1)b, and b are Redlich–Peterson
parameters.
The Redlich–Peterson model incorporates the characteristics of
Langmuir and Freundlich isotherms into a single equation. Two
limiting behaviors exist, i.e., Langmuir form for b equal 1 and
Henry’s law form for b equal 0 [33]. Eq. (9) is reduced to a linear
isotherm at low surface coverage and to the Langmuir isotherm
when b is 1. The b values are close to unity in adsorption of naph-
thalene, ﬂuorine, and pyrene (Table 4). This means that the data
can preferably be ﬁtted with the Langmuir model for these PAHs.
3.2.2.4. Temkin isotherm. The Temkin model considers the effects of
some indirect adsorbate–adsorbate interactions on adsorption iso-
therms, and because of these interactions heats of adsorption
would more often decrease than increase with increasing coverage
[32]. This equation has the form
qe ¼ B lnðaCeÞ; ð10Þ
where the term B corresponds to RT/b, T is absolute temperature (K),
R is the gas constant, a is the Temkin isotherm constant (L g1), b is
the Temkin constant related to the heat of sorption (kJ mol1), and
Ce is the equilibrium concentration (mg L1).
The derivation of the Temkin isotherm is based on the assump-
tion that the decline of the heat of sorption as a function of temper-
ature is linear rather than logarithmic, as implied in the Freundlich
equation.
The parameters obtained for Temkin isotherms are shown in
Table 3 and were used to identify the models that best ﬁt the
experimental data.
In general, the data obtained from the adsorption isotherms
experiments appeared to be well represented by all theoretical
models tested. Fig. 7 displays the adsorption isotherms of naphtha-
lene according to the different models. When the highest R2 and
the lowest error function values are considered simultaneously
as indicative of the best ﬁttings, it was found that the models20 mL of solution (30% v/v acetone) containing the ﬁve PAHs (1–60 mg L1 each).
C.B. Vidal et al. / Journal of Colloid and Interface Science 357 (2011) 466–473 473which best represented the isotherm curves were the Freundlich
model for ﬂuoranthene, pyrene, and ﬂuorene, the Temkin model
for naphthalene, and the Redlich–Peterson model for the adsorp-
tion of acenaphthene.
4. Conclusions
Periodic mesoporous organosilica was efﬁcient in the adsorp-
tion of PAHs with removal efﬁciency about 70% for naphthalene,
acenaphthene and pyrene, 50% for ﬂuorine and 40% for
ﬂuoranthene.
The adsorption kinetics of the PAHs showed similar behavior for
all analytes. After 24 h of contact between adsorbent and PAHs, a
tendency of the system to reach the equilibrium was observed,
and the variation in removal efﬁciency was no more than 10% from
that time on. Considering the highest R2 and the lowest error func-
tion values as indicative of the best ﬁttings, the kinetic model of
pseudo-ﬁrst order best represented the adsorption kinetics data
of naphthalene. The results of ﬂuorene, ﬂuoranthene, pyrene, and
acenaphthene appeared to be better adjusted to the kinetic model
of pseudo-second order.
Concerning the adsorption isotherm experiments, the highest
R2 and the lowest error function values were also taken as indica-
tive of the best ﬁttings. The models which best represented the
data obtained were the Freundlich model for ﬂuoranthene, pyrene
and ﬂuorene, the Temkin model for naphthalene, and the Redlich–
Peterson for acenaphthene.
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